ABSTRACT: Marine turtles are globally endangered and subject to numerous conservation and management initiatives, yet many aspects of their life histories remain undescribed. All populations subject to investigation have been shown to have temperature dependent sex determination, and data in a number of cases have suggested that the sex ratio of hatchling production may be highly female biased. To date, the green turtle Chelonia mydas has been little studied in this respect. We recorded the temperature in 18 green turtle clutches laid at Alagadi Beach, Northern Cyprus using automated intra-nest recording devices. The temperatures experienced within these clutches ranged from 26.7 to 34.1°C with mean temperature ranging from 29.8 to 32.5°C. No regular diel thermal cycle was observed. Incubation periods at this site decreased as the season progressed and ranged from 43 to 60 d (n = 231; 1993 to 1998). In comparison to other published studies regarding temperature dependent sex determination in this species, these data are strongly suggestive of a highly female biased hatchling sex ratio. This hypothesis was partly confirmed utilising histological sexing of hatchlings found dead in nests (> 99% female in 1998, n = 231). From these data we estimate that the pivotal incubation period for this population is ≥ 56 d and the pivotal temperature as below 29.2°C. Using a conservative assumption that 100% males are produced by nests with incubation periods ≥ 56 d and 100% females are produced by nests with shorter incubations, for the years 1993 to 1998, we estimate that at least 86 to 96% of hatchlings produced at this site were female.
INTRODUCTION
In many reptilian species, including sea turtles, the sex of the offspring is dependent on incubation temperatures and is not genetically determined at the time of egg deposition. This temperature dependent sex determination (TSD) is exhibited in different patterns among different reptile groups (Janzen & Paukstis 1991) . In the marine turtle species studied to date, higher temperatures have been shown to produce a greater proportion of females, with cooler temperatures producing more males (see Mrosovsky 1994 for review) . The temperature experienced during the thermosensitive period, thought to occur during the middle third of incubation, is critical for sexual development. The temperature at which a 1:1 sex ratio is produced is termed the pivotal temperature , Miller & Limpus 1981 , Spotila et al. 1987 , Mrosovsky & Pieau 1991 . Although the possibility for some degree of interpopulation variation in patterns of TSD in at least some sea turtle species exists (Chevalier et al. 1999 ), pivotal temperatures have been shown to be conservative (Mrosovsky 1994) .
A number of population specific factors have been described as affecting nest temperatures and hence sex ratios of marine turtles. These include: latitudinal variation, seasonal temperature changes, shading by vegetation, sand colour, episodic events such as rain and depth of the eggs (Morreale et al. 1982 , Mrosovsky 1988 , Hays et al. 1999 .
Studies determining the pivotal temperature and sex ratio of hatchling production in marine turtle populations have employed several different techniques including: laboratory incubation of eggs under controlled thermal regimes , Miller & Limpus 1981 , Billett et al. 1992 , Georges et al. 1994 ; inferences from long term control site temperature monitoring at nest depth (Limpus et al. 1983 , Godfrey et al. 1996 ; intra-nest temperature logging (Spotila et al. 1987 , Kaska et al. 1998 ; and inferences from incubation periods (Marcovaldi et al. 1997 ). This latter technique utilises the fact that the duration of incubation period is related to intra-nest temperature, so that a pivotal incubation period, i.e. that which produces a 1:1 sex ratio, can be calculated. This technique has recently been validated (Mrosovsky et al. 1999) .
The major challenge to this area of study is the difficulty in accurately determining the sex of hatchlings. The most commonly used method is that of sexing hatchlings from gonadal morphology upon histological examination , Miller & Limpus 1981 , Billett et al. 1992 . This usually necessitates the sacrifice of study animals and, given the endangered and protected status of marine turtles, has led to many studies based on small sample sizes. Although an alternative exists in the use of hormone assay (Wibbels et al. 1991) , this is a relatively costly and logistically challenging technique. An additional opportunity arises to sample hatchlings which die in the sand column during emergence (Wibbels et al. 1999) . Although it must be considered that these samples may be the result of a sex specific neonatal mortality factor, data derived from such studies can be from a large selection of nests and, in combination with other techniques, can give an insight into the likely sex ratio of hatchling production of the population.
Of the marine turtles, the most scrutinised has been the loggerhead turtle Caretta caretta, in which some populations have been demonstrated as showing extremely female biased hatchling production (Mrosovsky & Provancha 1989 , 1992 , Marcovaldi et al. 1997 . Data regarding TSD in the green turtle Chelonia mydas are relatively scant. In a laboratory based study, Miller & Limpus (1981) suggested a pivotal temperature exists between 26 and 29°C for green turtles nesting on the Great Barrier Reef. Whilst Limpus et al. (1983) demonstrated spatial variation in the hatchling sex ratio of this population, no quantitative estimates of overall sex ratio were provided. Evidence from more recent studies on green turtles suggests that the pivotal temperature for this species is more likely to fall at the higher end of the range suggested by Miller & Limpus (1981) .
Work over a number of seasons on the green turtles nesting in Suriname , Godfrey et al. 1996 has used progressive statistical refinements resulting in 2 separate estimates of a pivotal temperature of 29.1 or 29.4°C . Godfrey et al. (1996) estimated that, dependent on variation in weather patterns, the ratio of female hatchlings produced in Suriname ranged between 20 and 90% in different years. In Tortuguero, Costa Rica, by measurement of intra-nest temperatures, an estimated pivotal range of 28 to 30°C was generated, and hatchling production was estimated as 67% female (Standora & Spotila 1985 , Spotila et al. 1987 ). Higher male ratios (94%) were however recorded in nests shaded by vegetation. In a preliminary study of 5 green turtle nests in Northern Cyprus using intra-nest data loggers, placed at the top, middle and bottom of the clutch, Kaska et al. (1998) estimated the pivotal temperature in this population to be just below 29°C. No attempt was made in this study to generate overall sex ratios of hatchling production in the population. Although temperature differences were found within clutches, these were small (range ≤ 0.8°C; with cooler temperatures recorded at the bottom of clutches).
In the present study we examine the role played by temperature as an influence on the incubation periods and sex ratio of green turtle hatchlings produced at Alagadi Beach, Northern Cyprus in the eastern Mediterranean: (1) We investigate temperature regimes experienced in 18 green turtle nests utilising intra-nest temperature recording devices. (2) We describe incubation periods over 6 seasons (1993 to 1998) and investigate the role of temperature as an influence on the duration of incubation periods. (3) We describe the sex ratio in a large sample of non-invasively collected hatchlings from nests hatched in 1998. (4) From these data and known information regarding the role of temperature in the determination of sex in green turtle populations elsewhere, we draw wider inferences as to the likely sex ratio of hatchlings produced from this rookery and others in the region.
METHODS
Study site. This study was largely conducted on Alagadi Beach (35°33' N, 33°47' E), situated in Northern Cyprus in the eastern Mediterranean. There is a high level of human traffic on this 2 km beach; however, beach umbrellas and shades are only used at the water's edge, in the region where no green turtle clutches are laid. Additional limited data were collected from other more remote green turtle nesting beaches on the island, which were not subject to any recreational use. No nests experienced any shading on these beaches.
Data collection. At Alagadi, both laying and hatching were monitored between May and October between 1993 and 1998 through nightly patrols and daily dawn beach surveys according to a previously described protocol (Broderick & Godley 1996) . Other beaches were surveyed every 2 d throughout the season of 1998. Nest temperatures were recorded using 'Tinytalk' data loggers (Orion Components Ltd, Chichester, UK; accuracy ± 0.4°C), which had been calibrated with a mercury thermometer of known accuracy (NAMAS certified to read within 0.1°C of the absolute temperature; Hays et al. 1999) . The logger was placed into the middle of the clutch of eggs during oviposition, and the female was allowed to cover the nest. Temperature was recorded at sampling intervals of 48 min in a total of 18 clutches between 1995 and 1998. Data recorded from laying until midnight on the first night of hatchling emergence were included in our analysis. The positions of all nests were recorded in relation to marker posts placed at 50 m intervals at the back of the beach. In addition, a numbered plastic marker was placed in the sand above the egg chamber as the female began to cover her eggs. Upon hatching, nest contents, including dataloggers where present, were excavated and the nest tag located. Nest tags allowed 100% correlation with the laying event, a process difficult to ensure simply by using nest positions when high density nesting occurs. Incubation periods were calculated as the number of days between the night on which the clutch was laid until the night on which the first group of hatchlings emerged. The date prior to midnight of the night in question was taken in all cases.
Collection of hatchlings for sexing. Dead hatchlings were collected at post-hatching excavation (after a period of 48 h with no hatchling emergence) from nests of known incubation periods. The sex of hatchlings was determined using standard histological techniques , Miller & Limpus 1981 , Billett et al. 1992 .
RESULTS

Temperatures
Lay dates, incubation periods and summary incubation temperature data recorded are presented in Table 1 . Temperatures ranged between 26.7 and 34.1°C with mean incubation temperatures ranging from 29.8 to 32.5°C. During the middle third of incubation, temperatures ranged from 28.8 to 34.1°C with means ranging from 29.7 to 32.8°C. Fig. 1 illustrates the temperature profiles in 2 clutches (Clutches 9 and 18, the first and last laid in 1998) throughout the incubation period. No diel temperature cycle was recorded in any of the 18 study nests. Mean daily range for the 18 nests varied between 0.07 and 0.18°C (Table 1) .
For the 10 clutches that we monitored in 1998, we averaged all the readings for each 48 min sampling interval to produce a composite seasonal profile of the (Fig. 2a) . Apart from a period of 1 wk at the start and end of the season ≥ 2 nests were monitored concurrently. In general, the among nest variance was not high with mean range of temperature for all 48 min sampling intervals being 2.5°C (range 0.4 to 4.2, SD = 1.05, n = 2617). There was a pronounced seasonal pattern, with temperatures building through June and July, staying relatively high and constant in August, and gradually decreasing at the start of September. The increase in the variance of temperature on 5 September was due to the hatching of a nest, leaving only 2 study nests. The marked increase in temperature on 11 September was a result of the hatching of the penultimate nest.
To account for the temporal distribution of nesting, for each week of the 1998 season the proportion (%) of nests in the middle third of incubation was calculated (Fig. 2b) . During this period few nests experienced thermal conditions likely to result in the production of a male biased sex ratio (> 90% nests reach the middle third of incubation when mean temperatures are already well in excess of 29°C, the thermal region where most pivotal temperatures have been demonstrated; Mrosovsky 1994) . This suggests that the sex ratio of hatchlings produced at this site will be heavily female biased.
Incubation periods
The incubation periods recorded at Alagadi Beach over the 6 yr of this study ranged from 43 to 60 d ( Table 2 ). The mean incubation period recorded for each of the study years ranged from 48.0 to 51.4 d. Mean incubation period recorded in 1998 was significantly shorter than that of 1994 (ANOVA: F = 3.25, p = 0.008, df = 5, n = 231; followed by a Tukey test for unequal samples; Zar 1999). , Kaska et al. 1998 . Broken lines signify 28 and 30°C; the range in which pivotal temperatures are likely to fall (Spotila et al. 1987) . (b) Weekly distribution (%; n = 91) of clutches in their middle third of incubation, Alagadi 1998. Note: All clutches are represented in 2 or 3 weekly bins
Seasonal variation in incubation periods
Fig . 3 illustrates the relationship recorded in 1998 between the date on which a nest was laid and incubation period. Regression analysis, conducted using day of the season (with Day 1 being that on which the first green turtle clutch was laid), showed this relationship to be statistically significant (F = 54.57, p < 0.001, df = 1, n = 91).
Relationship between incubation period and temperature
The regression line describing the relationship between mean incubation temperature and incubation period was calculated for the 18 nests containing temperature loggers (F = 58.25, p < 0.001, df = 1; Fig. 4a ). Residuals were found to be normally distributed (Anderson-Darling p > 0.05). Furthermore, if incubation period is to allow reliable prediction of sex ratio, it must be strongly correlated with the mean temperature during the middle third of incubation. This was also found to be the case (F = 29.19, p < 0.001, df = 1; Fig. 4b ).
Actual sex ratios
In 1998, 231 freshly dead hatchlings were collected from 44 nests of known incubation period at Alagadi and 13 hatchlings from 4 additional nests from the west coast of the island. The sex ratios of all nests, in comparison to incubation periods, are shown in Table 3 . Males were only detected in nests with incubation periods of ≥ 56 d.
Estimating pivotal incubation period and pivotal temperature
Whilst it is not possible to derive an absolute pivotal incubation period using these data (as per Marcovaldi et al. 1997 , Mrosovsky et al. 1999 
Estimation of sex ratio
From these calculations it is possible to generate plausible estimates of sex ratio of hatchling production using incubation periods (at Alagadi in 1998: Fig. 5a ; Alagadi between 1993 and 1998: Fig. 5b ; and the rest of Northern Cyprus in 1998: Fig. 5c ). If we assume that all nests with incubation periods of less than 56 d produce female biased offspring (considered as 100% females) and all nests of ≥ 56 d incubation period produced male biased offspring (considered 100% males), any estimate generated will give a conservative minimum proportion of females produced.
Based on these assumptions, it was estimated that > 96% of hatchlings produced in the 91 nests laid at Alagadi in 1998 were female (Fig. 5a) . Data from the years 1993 to 1998 produced estimates ranging from 86 to 96% female, with a combined data set of 231 nests likely to have produced a sex ratio > 91% female (Fig. 5b) . When nests from all other sites in Northern Cyprus (1998), excluding Alagadi were combined, they were estimated to have produced a sex ratio of > 71% female ( Fig. 5c; 120 
DISCUSSION
Very few studies have examined natural nest temperatures where nest or egg manipulation has not taken place. The majority of the work conducted to date on TSD in marine turtles has been either laboratory based, with little attempt to replicate any seasonal or diel variation in temperature conditions, or based upon inferences made from sand temperatures. Conditions in the neighbouring sand are likely to vary from that of the nest owing to factors such as metabolic heat, decomposing bacteria and changes in moisture and porosity (McGehee 1990 . In particular, the paucity of data based upon actual thermal conditions in nests of green turtles is apparent.
In this study we present the first substantial investigation of natural temperature regimes in nests of the green turtle in the Mediterranean. In this region, the only published work on this subject is that conducted by Kaska et al. (1998) , who described the thermal conditions in 5 green turtle nests on a beach on the west coast of Northern Cyprus. However, the methodology of Kaska et al. (1998) involved both post-nesting and pre-hatching excavation to deploy and retrieve temperature loggers, and it is not known if this method of recording is free from artefact. Mean temperatures in our study (ranging between 29.8 and 32.5°C; n = 18) were comparable with those of Kaska et al. (1998) (29.5 to 31.3°C; n = 5). No regular diel variation was recorded in either study, similar to the findings of Hays et al. (1995) on Ascension Island. This is almost certainly due to the great depths at which green turtle clutches are laid, as diel variation has been recorded in the shallower nests of the loggerhead turtle in Cyprus (Broderick 1997 , Kaska et al. 1998 .
The composite thermal profile for 1998, produced from the temperature data recorded in the 10 study nests of this year, provides a clear illustration of the conditions experienced within clutches on this beach (Fig. 2a) . Whilst the sample size may be small, it is apparent that nearly all clutches laid were likely to have been incubating at temperatures above 29°C during the middle third of incubation (Fig. 2b) . The temperatures described are high and suggestive of female producing temperatures, when compared to previously published information regarding pivotal temperatures in this species (Miller & Limpus 1981 , Standora & Spotila 1985 , Spotila et al. 1987 , Godfrey et al. 1996 , Kaska et al. 1998 ).
The clear relationship between temperature and incubation period recorded at this site and the high temperatures and short durations are indicative of a highly female skewed sex ratio. Indeed from this information alone we would expect this population to produce a higher proportion of females than any others of this species studied to date. The sexing of hatchlings supported these expectations, with > 99% of those sampled at Alagadi Beach being female. It may be argued that through sampling only dead hatchlings, sex biased mortality is influencing our results. This is unlikely to be the case since the results obtained are similar to those of Kaska et al. (1998) , who sacrificed live hatchlings in their study.
Our data give us a minimum pivotal incubation period of 56 d, which leads to a maximum pivotal temperature of 29.2°C. By comparison, Godfrey et al. (1996) estimated the pivotal incubation period in Suriname to be 58.5 d, which would translate to (using Eq. 2 calculated from this present study) a pivotal temperature of 28.4°C, similar to that estimated for that population (28.8°C, Mrosovsky et al. 1984; 29.1 to 29.4°C, Godfrey 1997) . All previous studies on green turtles, barring that by Miller & Limpus (1981) , suggest that the pivotal temperature for this species is somewhere between 28 and 30°C, which translates (using our temperature versus incubation period Eq. 2) to a pivotal incubation period of 53.3 to 60.2 d, encompassing the 56+ d estimate from this study.
Within the Mediterranean, the estimated annual female nesting population of green turtles is in the region of 300 to 500 individuals with the majority nesting in Turkey (Groombridge 1990 ) and Cyprus (approximately one-third; Broderick & Godley 1996) , and a few nests recorded in Egypt and Israel (Kuller 1999 , Clarke et al. 2000 . Data regarding incubation periods in Turkey are sparse. However, those which have been published are from the most important single nesting beach in the region, Akyatan. There, mean incubation periods have been found to be 53.8 d (SE = 0.94, n = 23; Gerosa et al. 1995) and 53 d (SE = 0.56, n = 54; Gerosa et al. 1997) , although in the second study some nests had been subject to prior disturbance by predators. In addition, clutches incubated at an Israeli hatchery also had relatively short incubation periods (mean 52.2 d, SD = 4.36, n = 21; Z. Kuller pers. comm.). Although conditions were sought which carefully mimicked those of the natural nests, caution should be used in comparing such an artificial environment. While these other Mediterranean sites have fairly short incubation periods, they are longer than those recorded in Cyprus, but still suggestive of female skewed hatchling production. Similarly the incubation periods of this population are below or at the lower end of the range of those found world-wide (50.6 to 59.5 d; see Hirth 1980 for a review).
The significant decrease in incubation periods within the 1998 season (Fig. 3) shows that clutches laid at similar times experience similar thermal conditions, and hence are likely to produce hatchlings of similar sex ratios. The decrease in incubation periods is likely to be related to the seasonal profile of increasing temperatures (Fig. 2a) . In 1994 and 1995, similar linear relationships were recorded; however in the later starting, longer season of 1993, the relationship between incubation period and laying date was quadratic rather than linear (Broderick 1997) . Low levels of nesting in 1996 and 1997 precluded statistical analyses for these years. It is interesting to note that there was a closer relationship between mean temperature for the whole incubation period and incubation duration ( Fig. 4a ; r 2 = 0.79) than between mean temperature during the middle third of incubation and incubation duration ( Fig. 4b ; r 2 = 0.65). The effect of temperature on incubation duration is likely to be one integrated across the whole period, which will explain the increased proportion of variance explained by the former relationship. However, it is important to note that there is still a close relationship between the temperature in the middle third of incubation (the period when sex is determined) and the resultant incubation period.
Although the data collected were from a relatively large sample of nests and hatchlings (n = 48 nests; n = 244 hatchlings), because of the extreme skew in sex ratio, there was a paucity of male producing nests. Whilst it would be possible to calculate a pivotal incubation period mathematically as per Marcovaldi et al. (1997) , this would have such a large confidence range as to have no utility. The fact that no males were produced in nests with incubation periods of below 56 d is convincing alone and is comparable with that found in the study of loggerhead turtles by Marcovaldi et al. (1997) .
Although relatively crude, the minimum estimates of the ratio of female hatchlings produced across the different temporal scales are reliable and suggest that in the 6 yrs of this study Alagadi Beach has been producing a very high percentage of females (86 to 96%). Other beaches in the region may be predominantly male producing, possibly due to nests experiencing lower temperatures due to the sand being of a higher reflectance. This pattern has been found in studies on Ascension Island (Hays et al. 1995 (Hays et al. , 1999 . Although other beaches in Northern Cyprus (Fig. 5c ) have nests with incubation periods longer than those at Alagadi in the same season (Fig. 5a ), they are still likely to have profoundly female biased hatchling production.
If the skewed sex ratio continues through to adulthood and natal philopatry for both sexes is in operation, it might be a concern that there would be too few males to allow successful fertilisation of available females. There is no evidence to suggest an infertility problem leading to low hatching success. Excluding nests which fail due to inundation or predation, nests in Cyprus hatch with an annual mean success of 83.8 to 85.3% (1992 Broderick & Godley 1996) .
Because of the discrete nature of the Mediterranean green turtle population (Bowen et al. 1992 , Encalada et al. 1996 , it is vital to discover if such highly biased hatchling production occurs elsewhere in the region. Given that the ratio of hatchlings produced in the Eastern Mediterranean would appear biased towards females, there is a need to investigate whether this bias persists in the wild population to the juvenile and adult stages. This would be possible using the techniques that demonstrated that, at least in some regions, the female bias of North American loggerhead turtles is present in the live juvenile population (Wibbels et al. 1991) . Alternatively, sex ratios of stranded animals could be investigated.
Assuming these female biases are widely present in this relatively isolated population, plans for conservation management must take these results into account. Transplanting of nests may further bias sex ratios. Nests should be moved to an area where similar thermal conditions exist as at the primary site. Managers should be vigilant against transplanting from a possible male producing area to a safe female producing area, and only move nests if they are guaranteed to be lost without action. Clutches deposited early in the season may have a great level of importance with regard to producing enough males. This should be considered for example when prioritising limited management resources to prevent nest predation. The difficulty in determining a pivotal temperature for incubation period from a population with such a highly skewed sex ratio of hatchling production highlights the need for a laboratory based pivotal temperature to be demonstrated for this regional population.
